and with 3.7 M Na + (2.2 M added NaCl). Optimal growth of strain JW/NM-WN-LH1 T occurred at pH 55 6C 9.9, 51 6C and with 3.9 M Na + (2.3 M added NaCl). Both strains were obligately anaerobic and chemoorganotrophic; producing lactate and acetate as organic acids from pyruvate in different ratios. The DNA G+C contents of strains JW/NM-WN-LU T and JW/NM-WN-LH1 T were 41.0 and 42.0 mol%, respectively. The main cellular fatty acids in both strains were anteiso-branched 15 : 0 and iso-branched 15 : 0. Phylogenetic analysis showed that both novel isolates belonged to the family Natranaerobiaceae within the order Natranaerobiales. The Wadi An Natrun, Egypt, is a valley comprising seven large, alkaline, hypersaline, athalassic lakes and a number of ephemeral pools. Salinities ranging from 1.5 to 5.0 M NaCl, pH values of between 8.5 and 11 and temperatures of up to 50 u C (Mesbah et al., 2007a; Taher, 1999) make the Wadi An Natrun lakes excellent habitats for the isolation of extremophiles. A rich microbial diversity exists in both the waters and sediments of the Wadi An Natrun lakes (Imhoff et al., 1978 (Imhoff et al., , 1979 Mesbah et al., 2007a) . These microbial communities are exposed to conditions of high salt and alkaline pH values, in addition to desiccation and intense solar irradiation. During a previous study, we described the halophilic, alkalithermophilic anaerobe Natranaerobius thermophilus, which was isolated from the sediment of Lake Fazda in Wadi An Natrun (Mesbah et al., 2007b) . The order Natranaerobiales, consisting so far of the single family Natranaerobiaceae, was proposed to harbour this novel species. In this article, taxonomic characterizations of two further novel anaerobic, halophilic, alkalithermophilic taxa from the Wadi An Natrun are presented. One of these isolates represents a novel species within the genus Natranaerobius; whereas the other new isolate represents a novel genus and species within the family Natranaerobiaceae.
Strain isolation
Mixed water-sediment samples were collected from lakes Hamra, UmRisha, Abu Dawood and Baida of the Wadi An Natrun during May 2005. The pH values and salinity of the water at the time of collection are described in Mesbah et al. (2007a) . The anaerobic, carbonate-buffered medium used for enrichment and initial cultivation contained (l 21 ): 0.2 g KH 2 PO 4 , 0.1 g MgCl 2 , 0.5 g NH 4 Cl, 0.2 g KCl, 100 g NaCl, 68 g Na 2 CO 3 , 38 g NaHCO 3 , 0.7 g cysteine . HCl, 5 g yeast extract, 5 g tryptone, 5 g sucrose, 1 ml trace element solution (Kevbrin & Zavarzin, 1992) and 10 ml vitamin solution (Wolin et al., 1963) . The pH 55 uC was adjusted to 9.5 with anaerobic 5N HCl. Incubation at 55 u C yielded turbid cultures within 48 h. Five pure cultures were isolated from repeated dilution rows of anaerobic agar (1 % w/v) shake-roll tubes (Ljungdahl & Wiegel, 1986 T , formed longer, thin rods and exhibited pleomorphic cell morphology (Fig. 1b) . It was isolated from sediment of Lake Hamra. Analysis of its complete 16S rRNA gene sequence showed Natranaerobius thermophilus as its closest relative (93.8 % sequence identity). This strain was subjected to further taxonomic characterization.
All strains were maintained in the carbonate-buffered medium described above at pH 55 uC 9.5 and 55 uC under anaerobic conditions (100 % N 2 ) using a modified Hungate technique (Ljungdahl & Wiegel, 1986 ).
Colony and cell morphology
Colonies of strain JW/NM-WN-LU T and related strains appeared in agar (1 % w/v) shake-roll tubes after 2-3 days and were 2-3 mm in diameter, circular to irregularly shaped and opaque. Colonies of strain JW/NM-WN-LH1 T appeared in agar shake-roll tubes after 4-5 days and were 0.5-2 mm in diameter, ovoid and opaque. Cell morphology was observed via light microscopy (Olympus VANOX phase-contrast microscope). In the exponential growth phase, cells of strain JW/NM-WN-LU T and related strains were short rods, 0.6 mm wide and 2-3 mm long. Cells of strain JW/NM-WN-LH1
T were straight rods, 0.3-0.4 mm in diameter and 4-5 mm in length (Fig. 1) . Cells of both novel strains were single or formed chains upon entry to the stationary phase. No active motility was observed for any of the strains under phase-contrast microscopy.
Cells used for negative staining (Valentine et al., 1968; Beuscher et al., 1974) were from both early exponential and stationary growth phases. Flagella were absent in negatively stained samples (counterstained with 2 % uranyl acetate). Endospores were not observed either by field emission scanning electron microscopy (Zeiss) or by light microscopy after heat treatment (5 min at 100 u C). Cells of both strains were not viable after heat treatment (5 min at 100 u C). Cells of both strains remained viable after 10 days desiccation (when incubated over blue regenerated silica gel desiccant). Cells of all strains stained Gram-positive in both the early exponential and stationary growth phases (Doetsch, 1981) .
Cultural and physiological characteristics
The optimal conditions for the growth of strains JW/NM-WN-LU T and JW/NM-WN-LH1 T were tested in carbonate-buffered medium with 0.3 % (w/v) yeast extract and 0.3 % (w/v) tryptone, 640 mM Na 2 CO 3 and 320 mM NaHCO 3 (before pH adjustment, yielding a base Na + concentration of 1.6 M). The temperature ranges for growth were determined using a temperature gradient incubator (Scientific Industries, Inc.). All of the novel strains were moderately thermophilic, with growth temperature optima between 51 and 53 u C. There was no growth at 25 u C and below or at 57 u C and above
The pH ranges and optima for the growth of strains JW/ NM-WN-LU T and JW/NM-WN-LH1 T were determined at 55 u C in carbonate-buffered medium. All pH measurements were performed as described previously (Mesbah & Wiegel, 2006) , with a microelectrode (Accumet combination microelectrode with calomel reference; Cole-Palmer) calibrated at 55 u C with pH standards preheated to the same temperature. The pH of the medium was adjusted by the addition of sterile anaerobic HCl (5 N) or Na 2 CO 3 (3 M). The pH 55 uC for the growth of strain JW/NM-WN-LU T and related strains was 8.0-10.8, with no growth at pH 55 uC 7.8 or below or at pH 55 uC 11.0 or above (Table 1 ). The optimal pH 55 uC for growth was 9.5. Strain JW/NM-WN-LH1 T was more alkaliphilic, growing optimally at pH 55 uC 9.9, and within the range 8.5-11.5, with no growth at pH 55 uC 8.3 or below or at pH 55 uC 11.6 or above (Table 1 ).
The salinity range for growth was determined in carbonatebuffered medium at pH 55 uC 9.5. Strain JW/NM-WN-LU T grew over a NaCl range of 1.5-3.8 M, with an optimum at 2.2 M (Table 1) . Taking into account the 1.6 M Na 2 CO 3 / NaHCO 3 present in the medium as a buffer, the total Na + ion concentration range for growth of strain JW/NM-WN-LU T was 3.1-5.4 M (with no growth at or below 2.9 M or at and above 5.5 M Na + ) and with an optimum of 3.8 M. Strain JW/NM-WN-LH1
T grew over total Na + ion concentration range of between 3.3 and 5.6 M (which included 1.7-3.7 M added NaCl) with no growth at or below 3.2 M Na + and at or above 5.7 M Na + . Optimal growth occurred at 3.9 M Na + (2.3 M added NaCl, Table 1 ). None of the novel strains grew when equimolar amounts of K 2 CO 3 and KHCO 3 were substituted for Na 2 CO 3 and NaHCO 3 , even in the presence of 2.0 M NaCl. At optimal growth conditions, the doubling times for strains JW/NM-WN-LU T and JW/NM-WN-LH1
T were 3.0 and 2.0 h, respectively.
For substrate utilization tests, cultures were incubated for up to 4 days and growth was judged positive if, in the third successive transfer, the optical density (at 600 nm) of the culture was twice that of a control culture incubated with only 0.3 % (w/v) yeast extract and tryptone. Utilization of possible substrates (0.5 % w/v) was tested in the presence of 0.3 % yeast extract and tryptone. The substrate utilization patterns are presented in the species descriptions below. Strain JW/NM-WN-LU T and related strains and strain JW/ NM-WN-LH1
T were negative for catalase and oxidase activities, gelatin liquefaction and casein degradation. All strains were obligately anaerobic; no growth was observed in the presence of 0.02 % (v/v) oxygen.
Use of electron acceptors was determined by measuring growth (increase in OD 600 , for all acceptors), by sulfide production [for SO (Cord-Ruwisch, 1985) ] and by measuring changes in the colour of the medium for MnO 2, i.e. from brown to clear. Nitrate reduction was determined using the nitrate reductase test with sulfanilic acid and N,N-dimethyl-1-naphthylamine (Lennette et al., 1980) . The development of a red colour was considered a positive reaction for nitrate reduction to nitrite. Negative results were confirmed with the addition of zinc dust. Failure of colour development was considered as a positive test for nitrate reduction beyond nitrite, to ammonium. were not reduced.
Based on the degradation of pyruvate in parallel incubated, non-inoculated controls (2 mM from 20 mM), the amount of pyruvate utilized by the bacteria was estimated to be 8.5-9.5 mM. The amount of CO 2 was calculated from the amount of pyruvate decarboxylated to acetate and CO 2 since the 4-7 mM CO 2 produced could not be determined in the presence of more than 1 M carbonate. Based on the fermentation products obtained for strain JW/NM-WN-LU T (7 mM acetate and 1.5 mM lactate) and for strain JW/ NM-WN-LH1 T (4.3 mM acetate and 5 mM lactate), the simplified fermentation equations can be given as follows: strain JW/NM-WN- Biomass was assumed to be produced both from the 0.5 % w/v yeast extract and 0.5 % w/v tryptone present in the medium and from minor amounts of pyruvate. No fermentation products could be detected in the presence of 0.5 % yeast extract and tryptone alone, suggesting that they cannot serve as sole carbon and energy sources.
Biochemical characteristics were determined under anaerobic conditions using the API ZYM 20E system (bioMérieux). All strains tested positive for activities of lysine decarboxylase and tryptophan deaminase and for H 2 S production, and tested negative for urease activity and for indole and acetoin production. Biochemical characteristics that distinguished strains JW/NM-WN-LU T (and related strains) and JW/NM-WN-LH1
T are shown in Table 1 .
For short-term preservation, cultures of both strains were stored at room temperature and transferred every three weeks. For long-term preservation, cells in the late exponential growth phase were harvested, resuspended in fresh pre-reduced medium mixed with glycerol (50 % v/v) and stored at 280 u C. Strict anaerobic techniques had to be employed for both strains to avoid prolonged lag-phases and loss of viability.
Chemotaxonomic characteristics

Cell-wall peptidoglycan of strains JW/NM-WN-LU T and JW/NM-WN-LH1
T was isolated and the structure was analysed according to the methods of Schleifer (1985) , Rhuland et al. (1955) and MacKenzie (1987) . In a similar manner to that found for Natranaerobius thermophilus, on repeated attempts strain JW/NM-WN-LU T yielded only very low amounts of peptidoglycan. The total hydrolysate was free of isomers of diaminopimelic acid and contained the following proportions of amino acids: Orn, 1.1 : Ala, 1.0 : Gly, 0.8 : Ser, 0.4 : Asp, 0.9 : Glu, 1.0, however, the structure of the peptidoglycan could not be concluded (P. Schumann, personal communication).
Peptidoglycan hydrolysate of strain JW/NM-WN-LH1
T contained the amino acids ornithine, alanine, glycine, aspartic acid and glutamic acid as shown by thin layer chromatography (Rhuland et al., 1955) . Gas chromatographic analysis of these amino acid derivatives (MacKenzie, 1987) showed them to be present with the following ratios: Orn, 0.9 : Ala, 1.4 : Gly, 0.8 : Asp, 0.8 : Glu, 1.0. Small amounts of serine were also detected. The identity of these amino acids was confirmed by GC-MS (320-MS, Quadropole GC/MS, Varian). These data suggest a peptidoglycan of the type a-4-b Orn-Gly-Asp. The peptidoglycan preparation also did not contain isomers of diaminopimelic acid.
Phospholipid fatty acid analyses were performed on cells that had been grown at optimal conditions: 52 u C, pH 55 uC 9.5 with 1.7 M NaCl, 640 mM Na 2 CO 3 and 320 mM NaHCO 3 . Lyophilized cell material was extracted as described previously (Mesbah et al., 2007b) . Detailed fatty acid profiles are shown in Table 2 . The polar and neutral fatty acid compositions for both strains were similar, with a predominance of iso-and anteiso-branched 15 : 0 fatty acids. Strain JW/NM-WN-LH1 T had roughly three times more 16 : 0 and i17 : 1v7c and twice as much i17 : 0 fatty acids in the neutral fraction ( Table 2 ).
The DNA G+C contents of strains JW/NM-WN-LU T and JW/NM-WN-LH1
T were determined by HPLC according to Mesbah et al. (1989) with the modification of Lee et al. (2005) , using S1 nuclease and 0.3 M sodium acetate (pH 5.0). The G+C contents of the genomic DNA were 41.0 and 42.0 mol% for strains JW/NM-WN-LU T and JW/ NM-WN-LH1 T , respectively (Table 1) . The results are the means of six replicate analyses.
Phylogenetic analyses
The nearly complete 16S rRNA gene sequences from all five isolated strains were aligned with species of the orders Halanaerobiales, Natranaerobiales, 'Thermanaerobacteriales' and Clostridiales to verify their taxonomic positions (Fig. 2) . Multiple sequence alignments were created with the CLUSTAL_X program (http://www.clustal.org/download/ current). Trees were constructed by using the PHYLIP software package (http://www.clustal.org/download/current). Distances were calculated by using the JukesCantor algorithm of DNADIST and branching order was determined via the neighbour-joining algorithm of NEIGHBOR. Each tree was a consensus of 1000 replicate trees. The neighbour-joining tree showed that strain JW/ NM-WN-LU T clustered with Natranaerobius thermophilus and showed 96.4 % 16S rRNA gene sequence similarity (Fig. 2) . Strain JW/NM-WN-LH1
T formed a separate lineage within the order Natranaerobiales. Additional phylogenetic analyses performed with 16S rRNA gene sequences of the type genera of the phylum Firmicutes and different treeing methods (Fitch-Margoliash, maximum-likelihood), confirmed the divergence of strain JW/NM-WN-LH1
T from other species within the order Natranaerobiales. The 16S rRNA gene sequence similarities of strain JW/NM-WN-LH1 T with strains JW/NM-WN-LU T and Natranaerobius thermophilus JW/NM-WN-LF T were 93 and 94 %, respectively.
Taxonomic conclusions
Phylogenetically, strains JW/NM-WN-LU T and JW/NM-WN-LH1
T belong to the order Natranaerobiales and are within the confines of the family Natranaerobiaceae. Table 1 shows phenotypic characteristics that differentiate strains JW/NM-WN-LU T (and related strains) and JW/NM-WN-LH1
T from Natranaerobius thermophilus. Strain JW/NM-WN-LU T differs from Natranaerobius thermophilus in several traits. The main phenotypic differences are varying patterns of amino acids in the cell wall, smaller cell size and a narrower substrate utilization range. Strain JW/NM-WN-LU T also has a different proportion of fatty acid i15 : 0 in the cell wall, a larger NaCl range for growth, higher maximum NaCl tolerance and shorter doubling time. On the basis of phenotypic and phylogenetic data, we propose that strain JW/NM-WN-LU T represents the type strain of a novel species, Natranaerobius trueperi sp. nov.
Strain JW/NM-WN-LH1
T could be distinguished from both Natranaerobius thermophilus and strain JW/NM-WN-LU T by having a more alkaline pH range and optimum pH, a shorter doubling time and a different cell morphology; the cells are longer in size. Strain JW/NM-WN-LH1
T has a cell wall of the a-4-b type, whereas no cell-wall type could be deduced for the two species of the genus Natranaerobius. Strain JW/NM-WN-LH1
T also has a larger proportion of i17 : 1v7c, 16 : 0 and 18 : 0 fatty acids in the neutral fraction of its phospholipid fatty acid profile (Table  2) . These physiological and chemotaxonomic differences, in addition to the distinctness of the 16S rRNA gene sequence and phylogenetic position, differentiate strain JW/NM-WN-LH1
T from the other species of the genus Natranaerobius. Therefore, we propose that strain JW/NM-WN-LH1
T be classified as a member of a novel genus, Natronovirga gen. nov. The type species is Natronovirga wadinatrunensis sp. nov. A comparison of the distances between the genera of the orders Halanaerobiales and Natranaerobiales confirmed the placement of strain JW/ NM-WN-LH1
T into a novel genus.
Description of Natranaerobius trueperi sp. nov.
Natranaerobius trueperi (true9pe.ri. N.L. gen. masc. n. trueperi of Trüper, referring to Hans G. Trüper, in honour of his contributions to the field of physiology of halophiles and his earlier work on the microbial ecology of the Wadi An Natrun).
Cells form irregularly shaped to circular opaque colonies with a white colour (when grown inside 1 % agar). Cells are 2-360.6 mm in size, non-motile and catalase-and oxidasenegative. Cells are Gram-staining and Gram-type positive (Wiegel, 1981 indole or acetoin. Major cellular fatty acids include i15 : 0 and a15 : 0. The type strain of the species lacks detectable amounts of murein and meso-diaminopimelic acid in the cell wall. The DNA G+C content of the genomic DNA is 41 mol% (HPLC).
The type strain, JW/NM-WN-LU T (5DSM 18760 T 5 ATCC BAA-1443 T ), was isolated from sediment of Lake UmRisha, Wadi An Natrun, Egypt. Strain JW/NM-WN-LB2 was isolated from sediment of Lake Baida and strains JW/NM-WN-LA1 and JW/NM-WN-LA3 were isolated from sediments of Lake Abu Dawood, Wadi An Natrun, Egypt.
Description of Natronovirga gen. nov. [Na.tro.no.vir9ga . N.Gr. n. natron derived from Arabic natrun soda (sodium carbonate); L. fem. n. virga rod; N.L. fem. n. Natronovirga a soda-requiring rod].
Natronovirga
Cells are Gram-type positive (Wiegel, 1981) ; endospores are not observed. Extremely halophilic (growth requires at least 3.3 M Na + ); obligately alkaliphilic. Thermophilic. Fatty acid profile is dominated by branched fatty acids with 15 carbons. Cell-wall peptidoglycan is of the a-4-b OrnGly-Asp type. The DNA G+C content is approximately 42 mol%. Obligately anaerobic chemoorganotrophs. The type species is Natronovirga wadinatrunensis. 
